Laboratory microcosms were employed to evaluate the influence of selected environmental parameters, organic nutrient concentration, and salinity on the growth and survival of a toxigenic strain of Vibrio cholerae LA4808. Over the range of conditions tested, this strain of V. cholerae showed maximum response as determined by increased plate counts and direct microscopic counts in microcosms prepared with a chemically defined sea salts solution at a salinity of 250/oo, but with lower or higher salinity levels, the maximum population size declined. When added organic concentrations of less than 1,000 p.g/liter were present, a marked salinity effect on the growth of V. cholerae was detected. However, at or above an organic nutrient concentration of 1,000 Fig/liter , the need for an optimum salinity level was spared. From the results of this study, it is concluded that V. cholerae can grow under conditions of organic nutrient concentration and salinity typical of estuaries. Results obtained support the hypothesis that V. cholerae is an autochthonous member of the estuarine microbial community.
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Vibrio cholerae, including both the 01 and non-01 serotypes, has been isolated with increasing frequency from the estuarine environment in recent years (4, 12) . Isolation of V. cholerae serotypes 01 and non-01 from the Chesapeake Bay has recently been documented (12) , as has isolation of these serotypes from bayous and sewers in Louisiana (7) . Repeated isolations -of V. cholerae strains from brackish water drainage ditches in England have been reported (4; P. A. West, Ph.D. thesis, University of Kent at Canterbury, Canterbury, England, 1980) , and the occurrence of these organisms in aquatic systems of several other countries has been confirmed (6, 14, 17) . However, factors influencing the occurrence of V. cholerae in aquatic systems relatively free of sewage or other related materials which may serve as a vehicle for the organism have not been documented. Furthermore, the influence of physico-chemical and nutritional factors on the survival or growth or both of V. cholerae in aquatic systems has not been studied heretofore in detail.
Difficulties associated with studying an organism or a population of organisms in situ are numerous and well recognized. A major obstacle is that of enumeration of microorganisms in natural systems. Different enumeration methods often produce widely varying results, with direct microscopic methods, in general, consistently yielding significantly larger numbers of bacteria as compared with plate counts. The problems of enumeration are compounded when the incidence of a single species in situ is monitored, since highly selective enrichment media are required (2). More sophisticated methods, such as fluorescent-antibody assays, have been suggested and can often be useful (1) . Nevertheless, even with a suitable enumeration method, problems of spatial and temporal heterogeneity in the distribution of a bacterial species in the environment remain when population estimates are sought.
Effects of a single environmental parameter, such as salinity or nutrient concentration, on a population of microorganisms are difficult to assess in situ because of constantly changing environmental conditions, especially in an estuary. Factors such as temperature, dissolved oxygen, pH, etc., are interactive (19) , placing doubt on the validity of results under in situ conditions. To circumvent these difficulties, laboratory microecosystems, i.e., microcosms, in which both biotic and abiotic conditions can be controlled were employed to study responses of V. cholerae to changes in the environment (5, 10) . Microcosms are limited in that they constitute only a model for in situ conditions, but they do permit the controlling of selected environmental parameters as well as replication of conditions within and between experiments. Thus, microcosms are well suited for evaluating effects of environmental parameters on populations of bacteria. In the study reported herein, the objective was to employ microcosms to determine the influence of selected environmental parameters on growth and survival of V. cholerae in the aquatic environment as a means of establishing the autochthonous estuarine source of V. cholerae.
MATERIALS AND METHODS
Organism and culture conditions. V. cholerae LA4808, biotype El Tor, serotype Inaba, a toxigenic strain isolated in 1978 from a patient in Louisiana who became ill after ingesting contaminated seafood, was received from N. Roberts, Lake Charles Regional Laboratory, Lake Charles, La. The strain was maintained on tryptic soy agar slants (Difco Laboratories, Detroit, Mich.) at 15°C. Fresh cultures were prepared at 2-month intervals, with the parental culture stored under liquid nitrogen.
Preparation of microcosms. Laboratory microcosms consisting of a chemically defined seawater medium in Erlenmeyer flasks which allowed for replication of experimental units and conditions between experiments were prepared in the following manner. Erlenmeyer flasks (125 ml) were cleaned with acid dichromate and rinsed 10 times with double-distilled, deionized water. The basal salts medium used was a modification of the sea salts mixture reported by Kester et al. (13) . The basal salts medium was prepared to achieve a final salinity of 35°/O/ and consisted of the following, in grams per liter: NaCl, 23.926; MgCl2-6H2O, 10 .83; Na2SO4, 4.008; CaC12, 1.147; KCl, 0.677; NaHCO3, 0.196; KBr, 0.098; H3BO3, 0.026; NaF, 0.003; SrC12, 0.024. Appropriate quantities of each salt were used in the preparation of the basal medium of desired salinities (see below). All chemicals used in the basal salts medium were of reagent grade.
The organic substrate employed was tryptone (Difco Laboratories) at final concentrations of 100, 500, 1,000, 5,000, and 10,000 ,ug/liter. The flasks containing the medium were capped with aluminum foil and autoclaved for 15 min at 121°C.
Inoculum. To minimize the amount of available nutrient in the flask cultures, i.e., microcosms, a washed-cell inoculum was used (see Fig. 1 ). Cultures of V. cholerae grown for 18 h at 25°C in tryptic soy broth (Difco Laboratories) were employed. The cells were harvested by centrifugation and washed five times with sterile physiological saline. After the final wash, the cell pellet was suspended in saline and diluted to an appropriate cell suspension, and a direct microscopic count of the total number of cells was determined. From the stock cell suspension, an appropriate dilution was prepared, and the microcosms were inoculated with a quantity of the dilution to obtain an initial cell concentration of approximately 4 x 102/ml.
Samples for bacterial enumeration were collected from the stock cell suspension and from the microcosms immediately after inoculation. Numbers of viable organisms inoculated into the microcosms ranged from 3.2 x 102 to 4.9 x 102/ml.
Enumeration techniques. Numbers of culturable organisms were determined by spread plating onto tryptic soy agar (Difco Laboratories). Appropriate dilutions were prepared with dilution blanks of the basal salts medium of the same salinity as that of the microcosm being sampled. The plates were incubated for 4 days at 25°C, after which the total colony-forming units were enumerated.
Direct counts of cells were determined by acridine orange staining and epifluorescence microscopy (8, 9, 11) . Samples of 1 ml in volume were taken from the microcosms and preserved with Formalin. After staining with acridine orange, the samples were filtered through a 0.2-,um filter (Nuclepore Corp., Pleasanton, Calif.), and the cells were counted with a Zeiss Standard 14 microscope equipped with an IV FL epifluorescence condenser, a 100-W halogen lamp, a BP 450-490 band-pass filter, an FT 510 beam splitter, and an LP520 barrier filter (Carl Zeiss, Inc., New York). For each sample, the number of cells present (usually >50) in a minimum of 10 randomly selected fields was counted to obtain total cell counts.
Experimental design. To obtain an accurate estimate of the mean number of organisms per volume within a microcosm, the numbers of bacteria obtained by plating were employed to establish a statistically designed sampling regime, using a components-of-variance analysis (3, 15) . In a preliminary experiment, a series of three microcosms within a treatment were each sampled two times, and a separate dilution series was prepared for each sample. Four culture plates were prepared from each appropriate dilution tube. An analysis of variance, using log1o transformed colony counts, was performed, and the amount of variability contributed by each level of sampling was determined. Although the microcosms were not significantly different (P < 0.05), a design consisting of three microcosms per treatment, one sample per microcosm, and triplicate plates per sample was selected. By using these results to determine the distribution of microorganisms within the microcosms, one sample per microcosm was processed for cell enumeration by direct microscopic counting. Mean total direct counts, therefore, were determined from three samples per treatment.
Other parameters. Total organic carbon was determined for samples collected from microcosms with an Oceanography International model 524C Carbon Analyzer and the modified persulfate oxidation method (16) . Salinity measurements were determined with a salinity refractometer (American Optical Corp., Buffalo, N.Y.).
RESULTS AND DISCUSSION
Initial experiments were performed to determine the effect of organic nutrient concentration and salinity on growth and survival of V. cholerae in laboratory microcosms. Preliminary studies demonstrated that, in microcosms prepared in the aforementioned manner, maximum population sizes were attained within 3 to 4 days. Therefore, the microcosms were first established and the population sizes were compared after a 4-day incubation period. These studies also demonstrated that contaminating organic carbon arising from the reagents and the distilled water system employed provided sufficient substrate for increases in total cell counts VOL. 43, 1982 on August 27, 2017 by guest http://aem.asm.org/ i.e., measured by plate count, were detected in microcosms receiving less than 500 ,ug of tryptone per liter. However, there were significant differences in colony-forming units obtained by plate count for microcosms receiving tryptone above this concentration. Regardless of salinity, the differences in mean colony-forming units between microcosms supplemented with 500 and 1,000 ,ug of tryptone per liter were significant, as were the differences between those supplemented with 1,000 and 5,000 pug of tryptone per liter.
A comparison of mean bacterial plate counts from microcosms of different salinities within the same tryptone concentration demonstrated that significant differences related to salinity existed at all nutrient concentrations tested (see Table 3 ). The mean plate counts for microcosms at 25O/Io salinity were always largest but were not significantly greater than counts for 350/0o salinity systems at higher tryptone concentrations. Also, at the higher tryptone concentrations, i.e., 1,000 ,ug/liter or more, counts for microcosms at 450/oo salinity were always significantly less than those for other salinities. As the concentration of tryptone was increased, differences in plate counts between the various salinities tested in this study decreased.
Increases in bacterial counts were linearly related to nutrient concentration over the range of concentrations tested at the intermediate salinity levels, 25 and 350/0o ( Fig. 1; see Table 3 ). For microcosms at 15 and 450/0. salinity, a significant correlation between plate count and nutrient concentration was detected only for the three highest nutrient concentrations, indicated by correlation coefficients of >0.99 (see Table  3 ). Although no plate counts were obtained for microcosms of 15 and 450100 salinity unless at least 500 ,ug of tryptone per liter was present, upon increasing tryptone concentration to 1,000 jig of tryptone per liter, a significant increase in the plate count resulted (Table 2) above which the response to tryptone enrichment was linear (Table 3) . analyzed (see Fig. 2 and 3 ).
b y, Log10 bacterial counts per milliliter; x, log1o added nutrient concentration (micrograms per liter).
c r, Correlation coefficient.
d Counts from all nutrient-supplemented microcosms were analyzed for systems at 25 and 350/Oo. d-Numbers without identical superscript letters are significantly different (P < 0.05).
When the total cell numbers (acridine orange direct count) for microcosms receiving different tryptone concentrations were compared, at the higher nutrient concentration, i.e., 1,000 ,ug/ liter, the direct counts followed a response pat- tern similar to that of the plate counts (Fig. 2) . At lower tryptone concentrations, however, cell counts for microcosms at the intermediate salinity levels were 1 to 2 log cycles greater than those from microcosms at 15 and 450/oo salinity, for which the total cell counts were approximately 10-fold greater than the inoculum size. Although total cell numbers increased in these microcosms, the plate counts were actually less than the inoculum size, i.e., a decrease of more than 2 log cycles. When the results from the two enumeration techniques were compared, an interesting pattern was evident, with the culturable proportion of the total population increasing with increased tryptone concentration (Fig. 3) . When the added tryptone concentration in the microcosms decreased to below 500 jig/liter, no culturable organisms, i.e., plate counts, were obtained for microcosms at 15 and 450/0 salinity, although at 25 and 35/0O salinity, the total cell counts and culturable counts were comparable. It is apparent, therefore, that there is a very important and dramatic salinity effect on V. cholerae in microcosms at salinities of 15 and 45°/04, when the nutrient concentration is low.
As the nutrient concentration was increased to 1,000 jig of tryptone per liter, this salinity effect was masked by the high tryptone concentration (Fig. 3) . However, another salinity effect be- came evident as the salinity was increased above 25°/oI, as both total and culturable bacterial counts declined ( Fig. 1 and 2 (Fig. 3) . Thus, it appears that a combination of suboptimal salinity and low nutrient concentration not only affects the increase in population sizes of V. cholerae but may also affect recoverability of the cells. In the presence of suboptimal salinity and low tryptone concentration, V. cholerae cells were observed by acridine orange staining and epifluorescence microscopy, but culturable cells were not detected (Fig. 3) . Therefore, the viability of V. cholerae under conditions of environmental stress must be evaluated. Should V. cholerae be able to exist in different physiological states, i.e., recoverable and non-recoverable, even though remaining viable, this phenomenon, together with variations in nutrient concentration or salinity or both, may account for the apparent selective distribution of V. cholerae in estuaries reported by Kaper et al. (12) . Also, the occurrence of sporadic outbreaks of cholera and cholera-like illnesses in areas free of sewage contamination or carriers of V. cholerae or both can be accounted for if the organism remains viable, even though not necessarily recoverable, in brackish waters until salinity and nutrient conditions become favorable for growth. Such a hypothesis, under further investigation in our laboratory, provides a remarkably cholerae between epidemics in cholera-endemic areas of the world.
